Alcaligenes eutrophus was grown autotrophically in 23-liter batch cultures in a controlled H2-O2-CO2 atmosphere. It was demonstrated that the need for periodic supplements of individual nutrients could be anticipated before cell growth depleted these nutrients to the point of becoming growth rate limiting. As a result, exponential growth was extended to optical densities of 44, with doubling times maintained at 2 h. Cultures having an initial optical density of 0.040 to 0.070 reached the final optical density of 60 in about 25 h. The final viable count was 1.2 x 1011 cells per ml, and the dry weight was 25 g/liter.
Alcaligenes eutrophus was grown autotrophically in 23-liter batch cultures in a controlled H2-O2-CO2 atmosphere. It was demonstrated that the need for periodic supplements of individual nutrients could be anticipated before cell growth depleted these nutrients to the point of becoming growth rate limiting. As a result, exponential growth was extended to optical densities of 44, with doubling times maintained at 2 h. Cultures having an initial optical density of 0.040 to 0.070 reached the final optical density of 60 in about 25 h. The final viable count was 1.2 x 1011 cells per ml, and the dry weight was 25 g/liter.
The unique ability of autotrophs to grow and reproduce in an exclusively inorganic medium generates a continuing interest in this group of microorganisms. Those autotrophs capable of rapidly converting CO2 into cellular material have received special attention as potential sources of single-cell protein (13) and as bioregenerative life support systems for space travel (11, 12) . One of the organisms studied was Alcaligenes eutrophus, formerly Hydrogenomas eutropha (7) , which derives its energy for biosynthesis and growth from the oxidation of H2. It does not require light and therefore can be grown in conventional large-volume fermentors. Required nutrients for A. eutrophus have been identified, and for most nutrients the minimum concentration required for exponential growth for a known increase in culture density has been determined (18) . This paper presents the successful application of these data in the production of high-celldensity batch cultures of 23-liter volume. Exceptionally high cell yields of 25 g (dry weight) per liter were obtained in a 25-h incubation period. The ease in obtaining these yields and the low cost of nutrients justify extending earlier studies that established the nutritional value of A. eutrophus protein for animal feeding (5, 20, 22) . Synthesis of large amounts of poly-,B-hydroxybutyrate (PHB) by this organism (19) and the ability to selectively initiate its production (18, 19) could be used advantageously to obtain high yields of this polymer.
MATERIALS AND METHODS
Stock cultures and inocula. Alcaligenes eutrophus (Hydrogenomonas eutropha) stock cultures and inocula were grown in 100-ml shaken cultures (15) (16) (17) in the modified medium described recently (18) . Stock cultures could be stored for extended periods without losing viability (17) . Inocula for the fermentor were grown in five or six 100-ml shaken cultures at 31°C and were harvested at the physiological age desired. The optical density (OD) of the pooled cultures was used to calculate the volume of inoculum needed for a starting OD of 0.040 to 0.070.
Fermentor. The 28-liter fermentor, a model MF-128S Microferm (New Brunswick Scientific Co., New Brunswick, N.J.) with a 23-liter working capacity, was designed for explosion-proof operation and was modified to accommodate a three-gas system. Commercial cylinder gases (H2, 02, and CO2) were piped to the fermentor, where individual flow rates were established with calibrated flow meters (Brooks Instrument Division, Emerson Electric Co., Hatfield, Pa.). The gases were then sterilized by passing through steam-jacketed glass-wool filters. 02 and CO2 were combined in a common line (ballcheck valves to prevent back flow) that entered the fermentor vessel through the head plate and terminated at a sparger under the impeller. A manually operated cutoff valve was located above the head plate. H2 was delivered in a separate parallel system; mixing of H2 with the other gases occurred in the fermentor vessel. A bypass outlet between the flow meters and the filters allowed gas flow rates to be established externally without distorting the gas atmosphere in the vessel. Percent composition of the gas atmosphere was based upon the ratio of the flow rate of a given gas to the total gas flow rate. During culture growth, the gases were continuously vented through the culture to an exhaust filter, a water trap, and finally into a ventillating exhaust duct. Distribution of gases in the fermentor vessel was facilitated by a variable-speed impeller with two paddle wheel blades.
The fermentor vessel and all gas lines downstream from the flow meters were stream sterilized in place; addition and sampling ports could be sterilized independently at any time during operation. Medium components, with the exception of phosphate buffer, were added aseptically; phosphate buffer (22 liters The complete medium was equilibrated with the starting gas mixture for 30 min before inoculation. Necessary adjustments of the pH were made at this time. Individual nutrients were replenished during culture growth before they became growth rate limiting by the schedule discussed below. If an iron deficiency occurred, the resulting foaming was suppressed effectively with castor oil.
The total flow rate of the gaseous nutrients (H2, 02, and C02) was about 9 liters/min and was increased to 
RESULTS
Growth in 23-liter batch cultures with automatic pH control (NaOH) was the same as in 100-ml shaken cultures whose pH decreased to 5.5 or lower. Analysis of the spent medium showed both cultures were limited by ammonium-nitrogen, but a substantially higher NH4Cl concentration could not be used because it inhibited growth (1, 15) . The decrease in pH during growth was not caused by metabolic end products; it resulted primarily from progressive accumulation of unneutralized chloride ion as the ammonium ion was utilized. If the pH in the fermentor cultures was adjusted with NH4OH (8 N) instead, the pH and the ammonium-nitrogen concentration simultaneously could be maintained. Such cultures, not restricted by NH4+ depletion, grew to OD 6 before another nutrient became limiting.
The successive depletion of various nutrients and the inability to anticipate these interruptions of growth reflected the absence of information about quantitative nutritional requirements of this organism. Qualitative requirements for macronutrients and some micronutrients were known (1, 3, 4, 6, (15) (16) (17) , and some data were available on the relationship between total growth yield and the quantity of a nutrient. Virtually nothing was known about the critical concentration of individual nutrients at which exponential growth would become limited. An independent study was made (18) to determine the minimum saturating concentration of each nutrient needed for a given amount of culture growth. Multiples of these concentrations were tentatively assumed to support exponential growth to proportionally higher densities. Table 1 derived from these studies shows the relationship between the concentration of each required nutrient and the increment of exponential growth that can be obtained from that quantity of nutrient. The quantities shown can be added to the culture without adversely affecting growth. Although larger amounts of nutrients would extend the time before the next nutrient supplement was required, such excess amounts often produced inorganic precipitates or inhibition of growth. VOL. 32, 1976 The quantities recommended in Table 1 provide a margin of safety against premature depletion and are, therefore, more conservative than the experimentally derived values.
There is a discrepancy between the amount of Fe3+ and Ni2+ present in the medium at the time of inoculation and the amount added later in supplements. Both Fe3+ and Ni2+ at the higher concentrations interfered with initiation of growth; consequently, concentrations of 6 x 10-5 and 5 x 10-7 M, respectively, were used at the time of inoculation, and the remainder was added when the culture OD reached 1 to 2. Established cultures were inhibited by Ni2+ at 10-6 M.
Requirements for three additional trace metals, Cu2+, Cr+, and Co2+, were shown by their growth-stimulating ability (18) , but quantitative requirements could not be determined because other medium components contributed unknown quantities of these metals. The nutrients listed in Table 1 plus any added indirectly in these reagents were sufficient to sustain rapid growth rates to high cell populations. A Zn2+ requirement had been reported for A. eutrophus (4), but we could not demonstrate a response to Zn2+ even after heavy culture growth. The significance of Zn2+ stimulation with 8-hydroxyquinoline-extracted medium in shaken cultures is not known (18) .
As mentioned above, continuous ammonium ion supplements were automatically made by the pH control system. The net free ammonium ion concentration in the medium remained fairly constant at 0.009 M until high cell densities were reached. When the culture OD approached 40, the upper limit of 0.018 M free NH4+ was often exceeded, and it was necessary to substitute NaOH for NH40H. If at any time the lower limit of 0.003 M NH4+ excess was approached, a supplement of NH4C1 was made.
The free NH4+ concentration in the medium was determined indirectly by the difference between the total milliequivalents of NH4+ added and the milliequivalents of NH4+ consumed to produce the observed cell density. The total NH4+ added to the medium was the sum of the NH4+ supplied as NH4Cl plus the NH4OH added by the pH control system. Cumulative NH4OH addition was readily calculated since each operation (pulse) of the base addition pump delivered a known volume and concentration of NH4OH, and the total number of pulses was registered on the digital counter. Ammonium ion consumed was estimated to be 138 meq for each optical density of 1.0 in 23 liters of medium. Culture growth could be monitored by inspection by the frequency of base addition shown by the pulse-activated event marker. The first indication of an impending nutritional deficiency was a decrease in the frequency of NH4OH addition. If the deficiency was not corrected, NH4OH addition stopped.
Early stages of a deficiency of certain nutrients could be recognized by characteristic signs. Either P043-, SO42-, Mg2+, or NH4+ limitation caused cell metabolism to shift to production of PHB (18) . PHB vacuoles were visible microscopically as unstained areas in the cell cytoplasm. A deficiency of iron could be identified by culture foaming and at later stages by the appearance of a yellow-green pigment in the medium. Microscopically, iron-deficient cells stained uniformly but they appeared abnormally small.
Among the gaseous nutrients (H2, 02, and C02), H2 required the least control; it was supplied in excess and was not limiting with as little as 50% H2. Hydrogen bacteria are sometimes grouped according to 02 sensitivity (14); some will not grow in 20% 02. A. eutrophus grew well in shaken cultures with 10 to 25% 02, but were 02 limited at 5% 02 (15) . Five percent 02 was only slightly limiting in 1-liter fermentor cultures, where gas distribution was more effective (17) . Comparisons based upon P02 alone are, therefore, of doubtful validity because a variety of physical factors influence 02 diffusion, which ultimately affect the rate of 02 equilibration. These variables, even if held constant, eventually are perturbed by the increasing rate of 02 demand in progressively denser cultures. The dissolved 02 concentration at any moment must be determined by direct analysis (02 electrode). In the present studies the growth rate of A. eutrophus remained unchanged between 0.024 and 0.0016 mM 2. During the first hours of growth the dissolved 02 concentration was allowed to decrease from 0.024 to 0.0048 mM and thereafter was main-APPL. ENVIRON. MICROBIOL. DENSE CULTURES OF A. EUTROPHUS tained between 0.0048 and 0.0016 mM, the equilibrium concentration with 3 to 1% 02, respectively, at 31°C. These were unnecessarily low concentrations, but adjustments in carbon dioxide concentration had been empirically determined in reference to the lower range of 02 concentrations as discussed below. The limiting dissolved 02 concentration was not determined.
Growth of A. eutrophus specifically responded to the bicarbonate ion concentration, not to CO2 per se, and a +twofold difference in the optimum bicarbonate concentration caused the growth rate to decrease by more than 50% (17) . In response to specific bicarbonate concentrations, "old" inocula will grow without a lag period at the same rate as exponential-phase inocula; the concentrations required were: 5.3 X 10-3 M for stationary-phase inocula, 1.6 x 10-3 M for postexponential-phase inocula, and 6.6 x 10-4 M for exponential-phase inocula. At pH 6.4, these concentrations were obtained with 16%, 5%, and 2% C02, respectively. After 1.5 cell doublings, or approximately 3 h, the old cells acquired the bicarbonate requirement of young cells, and the bicarbonate concentration had to be decreased to 6.6 x 10-4 M to maintain the initial rate of growth. Growth rates were not affected by pH changes between 6.4 and 7.2 if compensating changes in pCO2 were made to keep a constant bicarbonate concentration. A CO2 electrode was not available to monitor the CO2 concentrations. After the bicarbonate concentration was established at 6.6 x 10-4 M, subsequent adjustments in pCO2 were empirically determined by observing effects on the growth rate. Required increases in pCO2 corresponded with increases in PO2, and the ratio of the two gases remained constant at 1.8 to 2 (PO2 to pCO2) at a culture pH of 6.4. The growth rates in succeeding cultures were effectively maintained by basing pCO2 changes on P02 changes.
Growth of a typical 23-liter batch culture is shown in Fig. 1 (17) .
The final yield of 25 g (dry weight)/liter exceeded previously reported yields by a factor of 3 in a culture volume that here was eight times larger (4). These substantial yields do not represent maximum limits; it should be possible to sustain exponential growth to higher densities if mechanical manipulations such as feeding and gas flow rate adjustments are automated. Bongers (4) has already demonstrated the effectiveness of a closed gas system in which addition of individual gases was controlled by sensors. This type of system would greatly improve the efficiency of an open system in which gases are vented through the culture. The closed system has also been used with hydrogen and oxygen produced by electrolysis (8, 10 ).
An inexpensive, high-protein, single-cell food or food supplement is actively being sought to relieve the anticipated world demand for protein (13) . Readily available inorganic nutrients are sufficient to produce high-protein A. eutrophus cells. The dry weight nitrogen content of A. eutrophus was 12 to 14%, of which 95% was accounted for as cell protein (5, 8, 18) . The digestibility of this protein, as demonstrated in rat tests (5, 20) , compared favorably with casein, and the biological value ofthe protein was the same as casein (5) . Feeding tests with whole dead cells and whole cell sonic extracts showed A. eutrophus protein to be an effective food supplement for chimpanzees, dogs, swine, monkeys, rats, and mice (5, 22) . Humans did APPL. ENVIRON. MICROBIOL. not tolerate the A. eutrophus diet (22) . For human consumption, it may be possible to develop a method to separate the protein from the endotoxic substance in the cell or, alternately, the whole material could be used directly as an inexpensive protein supplement in animal feed.
Another potential use of A. eutrophus cultures is in the production of PHB. PHB is preferentially synthesized from CO2 when cultures become deficient in NH4+, P043, S042, or Mg2+ (18). Schlegel et al. (19) have employed a period of NH4+ starvation to induce synthesis of PHB and found as much as 65% of the cell mass to be PHB. This represents a considerable increase in PHB content, which normally is 1% or less in exponentially growing cells in a complete medium (18, 19) . The total PHB yield could be increased significantly by withholding any of the four ions after high culture densities had been reached.
